We demonstrate theoretically and experimentally compensation for positive Kerr phase shifts with negative phases generated by cascade quadratic processes. Experiments show correction of small-scale self-focusing and whole-beam self-focusing in the spatial domain and self-phase modulation in the temporal domain. © 2001 Optical Society of America OCIS codes: 190.4420, 320.5540. When an intense beam propagates through a thirdorder nonlinear medium, its intensity prof ile generates a corresponding phase prof ile through the intensity-dependent refractive index: n͑I ͒ n 0 1 n 2 I . The phase shift resulting from the electronic Kerr nonlinearity underlies a number of physical processes, including whole-beam self-focusing (WBSF) and small-scale self-focusing (SSSF) in space 1 and self-phase modulation in time.
When an intense beam propagates through a thirdorder nonlinear medium, its intensity prof ile generates a corresponding phase prof ile through the intensity-dependent refractive index: n͑I ͒ n 0 1 n 2 I . The phase shift resulting from the electronic Kerr nonlinearity underlies a number of physical processes, including whole-beam self-focusing (WBSF) and small-scale self-focusing (SSSF) in space 1 and self-phase modulation in time. 2 Since self-focusing limits the peak power attainable by high-energy lasers and amplif iers, and SPM underlies the need to use pulse stretching in regenerative amplif iers (RAs), 3 a means of compensating for these effects is desirable.
Self-focusing and SPM in materials with n 2 . 0 arise from nonlinear phase shifts, F NL Kerr ͑x, y͒ ͑2p͞l͒ R n 2 ͑z͒I ͑x, y, z͒dz, referred to as the B integral. One can utilize nonlinear phase shifts, F NL comp , 0, from a material with real or effective n 2 , 0 for compensation; i.e., F NL Kerr 1 F NL comp 0. One way to generate such a compensating phase is through the negative nonlinear refractive index that is present in semiconductors. GaAs wafers [with n 2 ϳ 21000n 2 (fused silica) for wavelengths just longer than the absorption edge] were used by Roth et al. 4 to suppress the effects of self-focusing in Nd:glass rods and by Konoplev and Meyerhofer 5 to cancel the B integral in a chirped-pulse amplif ier system. However, this approach has disadvantages: high loss owing to two-photon absorption and a relatively low damage threshold. Additionally, the nonlinear index ͑n 2 ͒ of these materials is fixed, making phase cancellation difficult: To tune the value of the compensating phase at a given intensity, one must change the semiconductor wafer thickness itself.
Recently, the phase shifts generated by cascading x ͑2͒ processes in quadratic nonlinear media garnered attention because they can be large in magnitude, can have a controllable sign, and are proportional to intensity in the limit of large phase mismatch between the fundamental-harmonic (FH) and second-harmonic (SH) waves 6 :
where G vd eff jE 0 j͞c p n 2v n v , Dk k 2v 2 2k v is the phase mismatch, and L is the crystal length. Expression (1) holds when jDkLj is large enough that the effects of group-velocity mismatch (GVM) between the FH and SH can be neglected. 7 Negative cascade phase shifts were recently used for pulse compression and to compensate for the B integral in a f iber amplif ier.
In this Letter we show by numerical simulation and experiment that negative phase shifts from cascade quadratic processes can effectively compensate for the effects of self-focusing. We demonstrate compensation for both SSSF and WBSF in the propagation of femtosecond pulses in bulk fused silica. In addition, we show cancellation of the B integral from a picosecond Ti:sapphire amplifier with pulse energies of ϳ6 orders of magnitude greater than in the work of Alam et al.
As in Ref. 7, we model the system with the coupledwave equations for the FH and the SH fields in a medium with x ͑2͒ and x ͑3͒ nonlinearity. We solve the propagation equations numerically, using a symmetric split-step beam propagation method. 7 We considered both precompensation and postcompensation schemes and for experimental convenience chose precompensation (both worked comparably in simulation). optimal compensation with DkL ϳ 400p, using material parameters for barium metaborate (BBO), which agrees with a calculation based on expression (1). In contrast, curve (d) of Fig. 1 shows the intensity prof ile resulting from overcompensation for the Kerr phase with DkL ϳ 175p.
Experimentally, we observe self-focusing after propagating the output of a Ti:sapphire RA (l 0 800 nm, t FWHM 150 fs, E ഠ 600 mJ͞pulse) through 6 cm of fused silica. Intensities of up to 70 GW͞cm 2 were used. Figure 2 shows the experimental beam prof iles. At low intensity, we observe linear propagation through the fused silica [ Fig. 2(a) ] At high intensity (I 0 23 GW͞cm 2 , F NL ഠ 1.1p) we observe both WBSF (narrowing of the beam profile) and SSSF [increased modulation depth between the noise peaks and background, shown in Fig. 2(b) ; cuts though data appear as insets in Figs. 3 and 4] . To compensate for self-focusing, a 2.5-cm-long BBO crystal cut for type I SH generation at 800 nm is inserted into the beam path immediately before the fused silica. As a control experiment, we orient the BBO so that we have access to only the Kerr nonlinearity. We measured n 2 ͑BBO͒ ഠ n 2 ͑fused silica͒, so we expect ϳ50% more nonlinear phase than for fused silica only. Figure 2(c) shows the expected additional self-focusing. Next, the BBO is oriented to produce negative phase shifts through cascade nonlinearity. Optimal compensation ͑F NL net ഠ 0͒ is found near DkL ഠ 500p [ Fig. 2(e) ], which is close to the predicted value ͑400p͒, considering the uncertainty in jDkLj ͑ϳ75p͒. Tuning to DkL ഠ 900p, we observe undercompensation of the Kerr phase ͑F NL net . 0͒ and residual WBSF [ Fig. 2(f ) ]. At DkL ഠ 300p, the Kerr phase overcompensates the quadratic phase ͑F NL net , 0͒, and we see whole-beam self-defocusing [ Fig. 2(d) ]. In both cases, as we tune away from optimal compensation, SSSF is apparent. The SSSF filaments observed in Fig. 2(d) have dimension of ϳ0.3 mm, close to those predicted by the standard Bespalov -Talanov perturbation analysis. 2 To quantify the effects of compensation on WBSF, we take vertical line scans through the prof iles in Fig. 2 . We isolate WBSF from SSSF by looking at scans displaced horizontally from the beam center by 25% of the beam diameter, where the peak intensity and hence the effects of SSSF are lessened. The inset of Fig. 3 shows these scans in the linear, uncompensated, and optimally compensated cases. Figure 3 shows the measured beam waist for a range of phase-mismatch values. DkL 275p corresponds to F NL cascade . 0, which adds to the self-focusing in the fused silica, as expected.
We can characterize SSSF by taking vertical line scans through the data (Fig. 2) but at the beam center. The inset of Fig. 4 shows the beam prof iles for the linear, uncompensated, and optimally compensated cases. Compensation eliminates nearly all modulation from SSSF. The phase mismatch for optimal SSSF compensation is slightly larger than for WBSF (580p versus 520p). This is understood: The phase accumulated in the compensation stage alters the intensity prof ile (through self-defocusing), so the phase accumulated in the fused silica will have a slightly different spatial shape than the compensating phase. This difference leads to different optimal compensation values for the peak phase (related strongly to SSSF) versus the average phase (related more to WBSF). 4 SSSF increases the contrast across the beam prof ile, so we can quantify the contrast by looking at the deviation of a given line scan from an ideal Gaussian prof ile. Figure 4 shows this deviation versus phase mismatch. The apparent smoothing for DkL ! 0 1 is not useful, since the FH is depleted by SH generation and then by an observed optical parametric generation process that happens to be phase matched on this region. FH depletion presents itself as a slight roll-off in beam waist in the WBSF data as expected, since the gain for WBSF is less than for SSSF.
Cascade quadratic phase shifts can also be used to compensate for SPM. The narrow bandwidth of picosecond pulses makes stretching diff icult, so the B integral tends to be a significant concern in picosecond amplifiers. We investigated compensation of the B integral in a single-pass amplif ier. Transform-limited pulses with a duration of 5 ps and energy of 0.5 mJ propagate through a 2-cm-Ti : sapphire crystal, where they acquire F NL Kerr ഠ p and the spectrum broadens to ϳ3.2 times the transform limit. Expression (1) predicts optimal compensation at DkL ഠ 7p, with L 1.7 cm. With a 1.7-cm-long piece of BBO, we observe that the spectrum is compressed to ϳ1.5 times the transform limit, with DkL ഠ 5p (Fig. 5) . We believe that full compensation is possible, but the results of Fig. 5 are within a factor of 2 of the limits that arise from GVM and crystal damage. The wings in the compensated spectra most likely are due to spatial intensity modulation in the output of the amplif ier.
In conclusion, we have demonstrated compensation for nonlinear phase shifts of the order of p by use of cascade quadratic processes. This compensation scheme is easily scalable to high peak intensity (ϳ100 GW͞cm 2 for femtosecond pulses), has low inherent loss (&1% was observed), and is easily tunable at fixed intensity and crystal length. We demonstrate compensation with femtosecond and picosecond pulses, but the process should be easier to implement with longer pulses. In particular, cascade self-focusing compensation could prove important in the construction of high-power nanosecond-and picosecond-pulse lasers, in which beam distortion from SSSF limits the maximum attainable power. Also, the B integral compensation reported here raises the possibility of pass-by-pass compensation for SPM inside the RA cavity. Thus, it should be possible to design a RA without pulse stretching and compression.
